Piezoelectric ceramic actuators with less thermal strain were designed by symmetrically stacking two kinds of piezoelectric ceramics plates whose linear expansion coefficients were positive and negative, and their performance was evaluated. Three types of actuators were examined, which have a different stacking direction. The electromechanical material constants were evaluated by a one-dimensional model and the results were compared with a three-dimensional finite element analysis. The result showed that the piezoelectric constant of an actuator stacked in the perpendicular direction to the electric field was about three times larger than that of an actuator stacked in the parallel direction, even though the volume ratio between the two kinds of plates was almost the same between the stacking types. This is because most of the voltage in the latter type was distributed to the piezoelectric plate with low permittivity and low piezoelectric constant. Therefore, it is important to consider the stacking direction and the permittivity in the design of the actuators. The three-dimensional finite element analysis showed the linear expansion coefficient was not zero even though it was zero in the one-dimensional model. Therefore, three-dimensional analysis is necessary for precise design, although the one-dimensional model provides good estimation of the electromechanical property.
Introduction
Space antenna structures are desired to be larger and to have higher mirror accuracy or pointing accuracy to respond to astronomical requirements. However, thermal deformation is generally unavoidable, since temperature fluctuation is high on orbits between when they are exposed to the sun and when they are in the shade. To suppress the thermal deformation, the structural elements are often made of carbon fiber reinforced plastics (CFRPs) [1] [2] [3] [4] [5] , because some kinds of CFRPs have a negative linear expansion coefficient in the fiber direction and the thermal deformation can be canceled by arranging the CFRP orientations or combining them with metals adequately. Moreover, active shape control by using piezoelectric actuators on orbit has been also studied [6] [7] [8] [9] [10] . However, even though the structural elements are made of CFRPs, piezoelectric actuators still possibly deform thermally. The thermal deformation of the actuators also causes degradation of accuracy of the structures and more energy is necessary to cancel the deformation by the active control.
Surface acoustic wave (SAW) devices made of piezoelectric materials are widely used in applications controlling frequency such as filters, oscillators, duplexers, and sensors. SAW devices with zero or low temperature coefficient of resonant frequency (TCF) are also necessary to use them in a wide range of operating temperatures. Quartz used in SAW devices can have low TCF when it is cut in certain directions 11) . To decrease TCF value more and improve the property, Miura et al. 12) developed a SAW device composed of a piezoelectric LiTaO 3 film bonded on Sapphire as a support substrate with small thermal expansion coefficient and large Young's modulus. Nakahata et al. 13) and Emanetoglu et al. 14) realized zero temperature coefficient of delay (TCD) by SiO 2 /ZnO/diamond/Si and ZnO/SiO 2 /Si multi-layered structures, respectively, composed of films and a substrate with positive and negative TCD value. They used the time for wave to propagate between two points as a measure instead of the resonant frequency.
Energy harvesters which generate electrical energy from vibration are also sensitive to frequency. Even though the resonant frequency of the harvesters is a little different from excitation frequency, generated power is significantly reduced. Accordingly, the harvesters are desired to have a temperature compensation system. Rhimi and Lajnef 15) proposed a fully-passive temperature compensation system of a bimorph cantilever piezoelectric energy harvester with shape memory alloy wires connected so as to be preloaded axially and change the value of the preload depending on temperature variation. This system could compensate the resonant frequency shift in a piezoelectric harvester between two temperatures. Peters et al. 16) proposed a resonator for the energy harvester, where a clamped and a free piezoelectric actuator connected in parallel and voltage is applied to the actuator to tune the resonant frequency of the resonator.
In this paper a design method is proposed for piezoelectric actuators of the active shape control, which can suppress the 
One-dimensional Model
In this paper piezoelectric ceramic actuators to be bonded on a beam to control the beam shape is considered. To cancel the thermal expansion of the piezoelectric ceramic actuator in the longitudinal direction of the beam, a piezoelectric ceramics plate with a negative linear expansion coefficient, PZT1, is sandwiched with two piezoelectric ceramics plates with a positive linear expansion coefficient, PZT2, as shown in Fig. 1 . Electromechanical material constants of PZT1 and PZT2 are listed in Table 1 . They are assumed to be M-6 and C-601 made by Fuji Ceramics Corporation. M-6 of PZT1 here is not PZT (Pb(Zr,Ti)O 3 ) but PbTiO 3 . Three stacking types are considered. The piezoelectric ceramic plates stacked in the thickness direction is referred to as the stacking type 1, in the width direction as the stacking type 2, and in the longitudinal direction as the stacking type 3. Total length, total width, and total thickness of the stacking actuators are 20 mm, 10 mm, and 1.5 mm, respectively. Electric field is applied in the thickness direction and the stacking actuator is assumed to be polarized in the thickness direction.
The piezoelectric constitutive equations for PZTi are given by
where i = 1, 2. These equations are obtained in such a way that (1) strain and electric displacement are assumed to be a function of stress, electric field, and temperature, (2) the function is approximated with Taylor series for the function up to the first order about an initial equilibrium state assuming variations of stress, electric field, and temperature are infinitesimal, and (3) the strain and electric displacement are set to be zero at the initial equilibrium state. It is noted that all the variables are scalar in Eq.
(1). The linear expansion coefficient of a stacking actuator is assumed to be zero, that is,
and the temperature is assumed to be uniform, that is,
where a symbol without any subscripts represents the material constant or the variables of whole a stacked actuator.
Stacking type 1
For the stacking type 1, the following four conditions are assumed to be satisfied:
From Eqs. (1), (2), (3), and (4), we can obtain the thickness ratio between PZT1 and PZT2 as
where
and the electromechanical constants as
Stacking type 2
For the stacking type 2, the following four conditions are assumed to be satisfied:
From Eqs. (1), (2), (3), and (7), we can obtain the width ratio between PZT1 and PZT2 as
Stacking type 3
For the stacking type 3, the following four conditions are assumed to be satisfied:
From Eqs. (1), (2), (3), and (10), we can obtain the length ratio between PZT1 and PZT2 as 
Results and discussions
Substituting the material constants of PZT1 and PZT2 listed in Table 1 and the vacuum permittivity ε 0  pF/m into Eq. (5), Eq. (8), or Eq. (11), the thickness ratio of the stacking type 1, the width ratio of the stacking type 2, and the length ratio of the stacking type 3 are calculated, respectively, and they are listed in Table 2 . Here p 1 =p 2 =0 C/(m 2 K) was assumed when t 1 /t 2 was calculated. Then, substituting the material constants and the calculated ratios listed in Table 2 into Eqs. (6), Eqs. (9), or Eqs. (12) , the electromechanical material constants of the stacking type 1, type 2, and type 3 are calculated, respectively, and they are listed in Table 3 . There is almost no difference in elastic compliance among the three. The piezoelectric constant and the relative permittivity of the stacking type 3 are also almost the same as those of the stacking type 2. The piezoelectric constant of the stacking type 2 is approximately triple of the stacking type 1, although the volume ratio of PZT1 to PZT2 in the stacking type2 is almost the same as the volume ratio in the stacking type1. This is because most of the voltage in the stacking type 1 is distributed to PZT1 with much lower permittivity and PZT1 has much lower piezoelectric constant than PZT2. The electric field applied to PZT2 can be evaluated as follows. From the (4) with T 1 = T 2 = 0, ΔΘ 1 =ΔΘ 2 = 0 and the values of permittivity for PZT1 and PZT2, the ratio of E 1 to E 2 is calculated as
Accordingly, the electric field applied to PZT1 is approximately eleven times larger than the electric field applied to PZT2. From the second equation of Eq. (4) and the values of t 1 /t 2 and E 1 /E 2 , the ratio of the electric filed applied to PZT2 in the stacking type 1 to the electric filed applied to PZT2 in the stacking type2 which is the same as E, can be obtained as
The electric filed applied to PZT2 in the stacking type 1 is approximately 34% of the electric filed applied to PZT2 in the stacking type2.
Three-dimensional Finite Element Analysis
To examine the degree of accuracy of the one-dimensional model, a three-dimensional finite element analysis is performed. The material constants listed in Table 1 and the size ratio of PZT1 to PZT2 listed in Table 2 are used for calculation. The one-eighth part of the actuator is considered because of symmetry. Deformation of the part is calculated with a commercial software (ANSYS ver. 14.5, SOLID 226). In this calculation perfect bonding is assumed and no bonding layer is considered. The material constants of PZT1 and PZT2 are listed in Table 4 .
The elastic compliance is calculated by dividing the given strain in the longitudinal direction by the calculated stress under 0 V/m of the electric field and 0 K of the temperature difference. The piezoelectric constant is calculated by multiplying the calculated stress by the elastic compliance and dividing the product by the given electric field under 0 of the strain and 0 K of the temperature difference. The linear expansion coefficient is calculated by multiplying the calculated stress by the elastic compliance and dividing the product by the given temperature difference under 0 V/m of the electric field and 0 of the strain. The permittivity is calculated by dividing the calculated electric displacement by the given electric field and the vacuum permittivity under 0 MPa of the stress and 0 K of the temperature difference. The calculated electromechanical material constants are listed in Table 5 . As can be seen, the linear expansion coefficient is not zero for the three-dimensional models. This is caused by deformation in the thickness and width directions which is not considered in the one-dimensional models. The elastic compliance and the piezoelectric constant evaluated by the one-dimensional analysis agree well with those evaluated by the three-dimensional finite element analysis.
It is noted that (1) the three-dimensional analysis is performed with the boundary conditions so as to simulate the one-dimensional analysis and (2) the results in the one-dimensional analysis agree well with those in the three-dimensional analysis but have difference of the degree shown in Tables 3 and 5 .
Beam Model
A condition where the actuators will be applied practically is considered. Here the actuator is assumed to be bonded perfectly near the root of a long cantilever beam to control its tip displacement as shown in Fig. 2 . The cantilever beam is assumed to have a length of 5 m, a width of 10 mm and a thickness of 5 mm. The piezoelectric ceramic actuators are assumed to have the same size as those assumed in the previous sections, that is, a length of 20 mm, a width of 10 mm, and a thickness of 1.5 mm. Accordingly, when the actuator is activated, deformation of the beam is limited around the root including the actuator and the other region of the beam keeps straight. Hence, here the finite element analysis is performed for the short cantilever beam with a length of 40 mm around the actuator and the tip displacement of the long beam is calculated from the obtained displacement and slope at the tip of the short cantilever beam. The material of the beam is assumed to be a quasi-isotropic carbon fiber reinforced plastics and its modulus is listed in Table 6 . Its linear expansion coefficient is assumed to be zero. Figures 3 (a) and 3 (b) show the tip displacement of the long beam when the smart beam is heated by 100 K and 0 V is applied to the top and the bottom surface of the actuator. It is seen that the tip displacement decreases from positive to negative, as increasing the size ratio of PZT1 with a negative linear expansion coefficient increases. The ratios of t 1 /t 2 , w 1 /w 2 , and l 1 /l 2 when the tip displacement becomes zero are 0.35826, 0.24779, and 0.36885, respectively, and these values are different from the results in the one-dimensional model, 0.256, 0.228, and 0.449, respectively. When a target accuracy is assumed to be 10 μm at the tip of a 5-m cantilever beam under a thermal input of 100 K, the range of the ratios t 1 /t 2 , w 1 /w 2 , and l 1 /l 2 are 0.35719 < t 1 /t 2 < 0.35934, 0.24704 < w 1 /w 2 < 0.24853, and 0.36789 < l 1 /l 2 < 0.36981, and the values in the one-dimensional model are out of the ranges. Permissible processing error is calculated as 1.7 μm, 9.6 μm, and 20.5 μm for the thickness, the width, and the length direction, respectively. It clearly depends on the size. Here the error is assumed to be corrected by the actuator. The sensitivity of the tip displacement per unite voltage is 0.411, 1.47, and 1.47 μm /V for the stacking type 1, type 2, and type 3, respectively. From the view points of the permissible processing error and the controllability, the stacking type2 or type 3 seems better than the stacking type 1.
Conclusions
To suppress thermal deformation of piezoelectric ceramic actuators, a design method for the actuators was proposed, in which two kinds of piezoelectric ceramic plates with a positive and a negative linear expansion coefficient were stacked in the thickness, the width, or the length direction. Their properties were investigated analytically with a one-dimensional model and they were compared with those obtained with a three-dimensional finite element analysis. The results are summarized as follows:
1) The formulae which can analytically evaluate electromechanical constants of the actuators were derived with a one-dimensional model.
2) Although the elastic compliance was almost the same among the three stacking types, the piezoelectric constant of the actuators stacking in the width and the length direction was approximately triple of the actuator stacking in the thickness direction due to the difference of the permittivity and the piezoelectric constant for the two kinds of piezoelectric ceramic plates. It is noted here that it is important to consider not only the linear expansion coefficient and the piezoelectric constant but also the stacking direction and the permittivity for design of actuators, although the quantitative values depend on piezoelectric materials to be used.
3) The linear expansion coefficient evaluated by the three-dimensional finite element analysis with the size ratio calculated by the one-dimensional analysis was not zero. However, the elastic compliance and the piezoelectric constant evaluated by the one-dimensional analysis agreed well with those evaluated by the three-dimensional finite element analysis. Accordingly, the one-dimensional analysis is simple and useful for evaluation of approximate properties or qualitative analysis. For precise design the three-dimensional finite element analysis is necessary.
4) The three-dimensional finite element analysis for the smart beam shows that the actuators stacking in the width and the length direction is better than the actuator stacking in the thickness direction from the view points of the permissible processing error and the controllability, and that high processing accuracy is necessary for design of high precision smart structure.
